The biogenesis and maintenance of the endoplasmic reticulum (ER) requires membrane fusion. ER homotypic fusion is driven by the large GTPase atlastin. Domain analysis of atlastin shows that a conserved region of the C-terminal cytoplasmic tail is absolutely required for fusion activity. Atlastin in adjacent membranes must associate to bring the ER membranes into molecular contact. Drosophila atlastin dimerizes in the presence of GTPγS but is monomeric with GDP or without nucleotide. Oligomerization requires the juxtamembrane middle domain three-helix bundle, as does efficient GTPase activity. A soluble version of the N-terminal cytoplasmic domain that contains the GTPase domain and the middle domain three-helix bundle serves as a potent, concentrationdependent inhibitor of membrane fusion both in vitro and in vivo. However, atlastin domains lacking the middle domain are without effect. GTP-dependent dimerization of atlastin generates an enzymatically active protein that drives membrane fusion after nucleotide hydrolysis and conformational reorganization. M embrane fusion reactions are vitally important for many aspects of eukaryotic cell biology, including vesicular traffic within the secretory pathway as well as the biogenesis and maintenance of the entire endomembrane system. SNARE proteins are responsible for membrane fusion within the secretory pathway as well as homotypic fusion of endosomes and lysosomes (1, 2). The fusion of other organelles such as mitochondria and the endoplasmic reticulum (ER) are less well characterized. Many observations suggest that mitochondrial fusion is driven by proteins called mitofusins (3-5). Although ER-resident SNARE proteins are required for vesicular transport back to the ER (6, 7), the protein(s) responsible for the generation and maintenance of the ER has only recently been discovered. We have recently shown that Atlastin is a GTP-dependent membrane fusion protein that is responsible for ER homotypic fusion (8). Membrane fusion provided by atlastin helps shape and maintain the dynamic nature of the ER membrane tubule network (9-13).
The biogenesis and maintenance of the endoplasmic reticulum (ER) requires membrane fusion. ER homotypic fusion is driven by the large GTPase atlastin. Domain analysis of atlastin shows that a conserved region of the C-terminal cytoplasmic tail is absolutely required for fusion activity. Atlastin in adjacent membranes must associate to bring the ER membranes into molecular contact. Drosophila atlastin dimerizes in the presence of GTPγS but is monomeric with GDP or without nucleotide. Oligomerization requires the juxtamembrane middle domain three-helix bundle, as does efficient GTPase activity. A soluble version of the N-terminal cytoplasmic domain that contains the GTPase domain and the middle domain three-helix bundle serves as a potent, concentrationdependent inhibitor of membrane fusion both in vitro and in vivo. However, atlastin domains lacking the middle domain are without effect. GTP-dependent dimerization of atlastin generates an enzymatically active protein that drives membrane fusion after nucleotide hydrolysis and conformational reorganization. M embrane fusion reactions are vitally important for many aspects of eukaryotic cell biology, including vesicular traffic within the secretory pathway as well as the biogenesis and maintenance of the entire endomembrane system. SNARE proteins are responsible for membrane fusion within the secretory pathway as well as homotypic fusion of endosomes and lysosomes (1, 2) . The fusion of other organelles such as mitochondria and the endoplasmic reticulum (ER) are less well characterized. Many observations suggest that mitochondrial fusion is driven by proteins called mitofusins (3) (4) (5) . Although ER-resident SNARE proteins are required for vesicular transport back to the ER (6, 7) , the protein(s) responsible for the generation and maintenance of the ER has only recently been discovered. We have recently shown that Atlastin is a GTP-dependent membrane fusion protein that is responsible for ER homotypic fusion (8) . Membrane fusion provided by atlastin helps shape and maintain the dynamic nature of the ER membrane tubule network (9) (10) (11) (12) (13) .
Atlastin is the product of the human SPG3A locus (14) . SPG3A (Atl1) is a member of a larger family of genes that are responsible for a group of inherited neurological disorders called hereditary spastic paraplegia (HSP) (15, 16) . This disease is characterized by progressive lower-extremity weakness and spasticity. The neuropathological basis for compromised motor function in HSP is likely length-dependent axonopathy of the corticospinal tract (16) . Twenty HSP gene products have been identified, and their molecular analysis has suggested that three general categories of proteins may be responsible for HSP. These gene functions fall into three broad groups, including intracellular trafficking, mitochondrial function, and axonal pathfinding and myelination (17) . More than half of all HSP cases are caused by mutation in ER-resident or ER-associated proteins (18) (19) (20) . Atlastin and the ER tubule-forming protein receptor expression-enhancing protein 1 (REEP1), as well as other reticulons, are all ER-resident proteins (20, 21) . Spastin, a microtubule-severing protein, has been shown to associate with REEP1 and atlastin in some contexts (20, 22, 23) , and recent work has also demonstrated that atlastin interacts with all of the ER tubule-forming proteins in the Reticulon and REEP/Yop/DP1 family (20) . These observations place the ER at the nexus of HSP pathology.
Recently, atlastin function has been examined in model organisms (24) , specifically in the fruit fly Drosophila melanogaster. The Drosophila genome produces a single atlastin protein. Drosophila atlastin (atl) is 541 aa long and has a predicted molecular mass of 61 kDa (Fig. 1A) . The atl sequence is highly homologous with all three human isoforms, ranging between 44% and 49% identical (61% and 68% similar) over the entire length of the protein. Overall homology is significantly improved (55-59% identity) when the highly variable N-terminal (17-45 residues) and C-terminal (29-50 residues) regions are excluded.
We now examine the mechanistic basis for nucleotide-dependent membrane fusion by atl using a structure-function analysis of truncated proteins and a detailed kinetic analysis of nucleotide hydrolysis. Finally, we determine the oligomeric state of the N-terminal cytoplasmic domain and isolated GTPase domain in the presence and absence of nucleotide.
Results atl is a 61-kDa multidomain protein (Fig. 1A) . It has a short N-terminal variable domain, followed by a well-conserved GTPase domain, a middle domain of undefined function, two tandem transmembrane domains, and a C-terminal cytoplasmic domain. We previously documented that atlastin requires GTPase activity for membrane fusion in vitro; however, the function of the other domains remains to be explored. In this article, we extend our previous work by conducting a systematic structure-function analysis of atlastin with the D. melanogaster homolog.
and atl(1-450) retain an intact GTPase domain and at least one transmembrane anchor. We expressed these proteins in Escherichia coli, reconstituted them into synthetic phosphatidylcholine:phosphatidylserine (PCPS) liposome, and measured membrane fusion by lipid mixing (8) . When either of these two proteins was reconstituted into proteoliposomes, no fusion was observed (Fig. 1B) . The functionality of these enzymes was confirmed by examining GTPase activity (Fig. 1C) . Both atl(1-450) and atl(1-471) were able to cleave GTP at rates that were within ∼30% of WT rates, yet they were incapable of driving membrane fusion. The small reduction in GTPase activity for the C-terminal deletion mutants may reflect a subtle effect of the C-terminal tail on atlastin oligomerization.
The inability of these proteins to produce a functional atlastin was further explored in a tissue culture model in vivo. When functional atl is overexpressed in mammalian cells, it correctly sorts to the ER, causes the formation of an enlarged ER compartment, and redistributes Golgi-resident proteins to the ER in much the same way as overexpression in intact animals (8) . Fig. 2 A-C shows the result of expressing WT atlastin in Cos7 cells. atl colocalizes with the ER marker Sec61β and produces significant changes in ER (Fig. 2B) morphology. When functional atl is expressed, the normally reticular ER (Fig. S1) is lost, and variably sized puncta are now stained with ER markers. However, overexpressing ER-localized atl(1-471) minimally disrupts ER morphology, demonstrating that it is a less or nonfunctional protein in vivo (Fig. 2 D-F) .
These results suggest that the C-terminal cytoplasmic domain of atlastin is critical for membrane fusion. However, this region of atlastin is among the most divergent between atlastin homologs and paralogs. Closer inspection of the sequences that comprise the C-terminal cytoplasmic domain revealed an ∼25-aa stretch of more highly conserved residues membrane-proximal to the second transmembrane domain followed by a very divergent extreme C terminus (Fig. S2) . We further subdivided the Cterminal cytoplasmic domain to add back the more conserved juxtamembrane region (residues 471-497). The resulting construct, atl(1-497), was also expressed, reconstituted, and assayed for membrane fusion. Fig. 1 B and C demonstrate that the reintroduction of these 27 residues restores ∼70% of WT fusion activity. Additionally, overexpression of atl(1-497) in Cos7 cells results in a phenotype similar to the overexpression of WT atlastin, confirming that atl(1-497) is functional in vivo (Fig. 2 G-I ). All membrane fusion proteins characterized to date require membrane integration. However, liberated soluble domains that retain the ability to productively interact with membrane integral components are often inhibitors of fusion. This is definitely the case for SNARE proteins, and inclusion of a soluble fragment of either v-SNARE or t-SNARE component will inhibit fusion (25, 26) . We tested the functionality of C-terminal truncations that lack a membranespanning domain by determining their capacity to inhibit fusion between proteoliposomes that contain WT atlastin. We tested atl (1-422), which encompassed the entire N-terminal cytoplasmic domain; atl(1-303), which contains the isolated GTPase domain; and atl(471-542), the soluble C-terminal fragment (Fig. 3A) . When atl(1-422) was titrated into a fusion reaction containing WT atlastin in the membrane, progressive inhibition of both the rate and extent of membrane fusion was seen (Fig. 3B) . Inhibition was concentration-dependent, and fusion was completely inhibited with an eightfold molar excess of the atl(1-422) soluble domain ( The ability of the isolated N-terminal cytoplasmic domain to inhibit fusion was further explored by co-overexpressing atl in Cos7 cells with WT atlastin. As shown in Fig. 2A , overexpressing WT atlastin in Cos7 cells disrupts ER morphology, presumably because of inappropriate and excessive ER fusion. However, simultaneous overexpression of the soluble N-terminal cytoplasmic domain of atlastin, atl(1-422), reduces the severity or largely prevents the aberrant ER structures generated by WT atlastin (Fig. 4) . A spectrum of inhibition is seen with atl(1-422), which likely reflects the relative degree of overexpression. When cells were subjectively binned into three groups, defined as normal ER morphology (Fig. 4 , empty arrowheads), fused ER (Fig. 4 , white arrowheads), and partially fused ER (Fig. 4, gray arrowhead) , more than half (56%) of the cells expressing atl(1-422) exhibited a normal ER morphology, whereas 43% displayed a partially fused ER (Fig. S3) . We interpret these results to suggest that atl(1-422) productively and preferentially interacts with full-length WT atlastin to inhibit its fusion activity in vivo.
Atlastin Dimerization Is Required for Enzymatic Activity. Although we know that atlastin GTPase activity is required for membrane fusion, we know very little regarding the enzymatic properties of atlastin. To address this issue, we measured Michaelis-Menten kinetics for full-length GST-atl in detergent and reconstituted into proteoliposomes by using a coupled enzymatic assay that quantifies inorganic phosphate production. We ensured that quantifying inorganic phosphate production was a reliable measure of GTPase activity by examining all of the guanine nucleotide reaction products by HPLC because guanylate binding protein 1 (GBP1), another large GTPase family member similar in sequence to atlastin, is capable of sequentially cleaving GTP to GMP (Fig. S4 ). Fig. 5A shows a plot of initial velocity versus GTP concentration. Surprisingly, we observed that reconstitution significantly improved the maximum velocity of this enzyme even though the amount of enzyme assayed in proteoliposomes is half (0.5 μM) of that in detergent (1 μM) ( Table 1 ). These data demonstrate that atlastin is a more active enzyme in a phospholipid bilayer compared with a detergent micelle. The most straightforward interpretation of this activity increase is that atlastin has an improved ability to dimerize in the plane of a membrane after reconstitution (a cis dimer) or that trans dimerization between liposomes stimulates GTPase activity.
Next, we examined the activity of the N-terminal cytoplasmic domain, atl . This protein was produced as a GST-SUMO fusion protein, and the N-terminal tags were removed before analysis. In this case, the liberated N-terminal cytoplasmic domain displayed comparable activity to the reconstituted full-length protein ( Fig. 5B and Table 1 ), suggesting that the regions of atlastin responsible for oligomerization and enzymatic activation reside in this domain. Given that other large GTPases such as dynamin and GBP1 dimerize through contacts within the G domain, we produced an additional construct that expressed the isolated GTPase domain, atl(1-328). However, we found that the GTPase domain alone was not sufficient to produce an active enzyme at the same concentration (0.5 μM) as the other protein examined (Fig. 5B) . The atl(1-328) protein is not simply a misfolded protein because it shows a concentration-dependent increase in activity at higher GTP concentrations (up to 1 mM; Fig. S5 ). These results suggest that the GTPase domain alone is not sufficient to provide a stable interaction platform for GTP hydrolysis.
Nucleotide-Dependent Atlastin Oligomerization Is Driven by the Middle Domain. GTPase activity measurements and soluble domain inhibitor results suggest that the middle domain of atlastin may be important for oligomerization. To address the question of oligomerization directly, we measured the molecular mass of atl(1-422) and atl(1-328) by analytical ultracentrifugation. Fig. 5 C and D shows the results of velocity sedimentation experiments for these proteins: a van Holde-Weischet analysis (27) produced diffusioncorrected sedimentation coefficients for atl in the absence of nucleotide (solid black trace) or in the presence of GDP (large dashed trace), or the nonhydrolyzable GTP analog GTPγS (small dashed trace) revealed a dimer only in the presence of GTPγS. Nucleotide-free atl(1-422) moved as a 3.14 S particle, GDP-bound atl(1-422) migrated similarly to the apo form (3.21 S), and GTPγS sedimented faster at 4.95 S. These sedimentation values correspond to molecular masses of 48.7 (Apo), 45.3 (GDP), and 86.3 (GTPγS) kDa, respectively (Fig. S6) . The predicted monomer molecular mass of atl(1-422) is 49,317 Da, strongly suggesting that both the apo and GDP-bound protein is monomeric, whereas the GTPγS-bound protein forms a dimer. A similar analysis with atl (1-328) produced a different result. In this case, all three species (apo, GDP, and GTPγS) migrated at a size most consistent with a monomer molecular mass (36.6, 43.0, and 41.0 kDa, respectively). The predicted monomer molecular mass of atl(1-328) is 37,243 Da. Together, GTPase activity measurements and molecular mass analysis by analytical ultracentrifugation suggests that the Nterminal cytoplasmic domain of atl can dimerize in the presence of GTP and that nucleotide binding promotes a conformation that requires the middle domain for stable oligomerization.
Discussion
Traditional membrane fusion proteins such as viral fusion proteins and SNAREs use energy derived from metastable protein folding intermediates to drive fusion. The use of chemical energy in the form of nucleotide hydrolysis at the point of membrane fusion is unique to atlastin, and perhaps mitofusins, and defines this class of membrane fusion proteins. Detailed analysis of this type of mechanism has only recently begun to be explored. We have determined that a short region of ∼27 aa located within the cytoplasmic C-terminal tail is critically required for atlastindependent membrane fusion in vitro ( Fig. 1 ) and in vivo (Fig. 2) . Interestingly, three frameshift mutations in human Atlastin-1 (Atl1) [A492fsX522 (28), E502fsX522 (29) , and I507fsX522 (30)] known to cause HSP prematurely truncate Atl1 and scramble the C-terminal juxtamembrane region that we have shown is required for membrane fusion. The N-terminal cytoplasmic domain (residues 1-422), when freed from membrane attachment, functions as a fusion inhibitor both in vitro (Fig. 3) and in vivo (Fig. 4) . Quantitative analysis of the enzymatic properties of atlastin revealed that the N-terminal cytoplasmic domain is a more active enzyme than the full-length protein in detergent solution. However, reconstitution of the fulllength protein into a phospholipid bilayer improved activity but not to the level of the soluble protein (Fig. 5 A and B) . Additionally, GTPase activity required protein sequences outside the GTPase domain, suggesting that this domain alone is not sufficient (1-328) is monomeric under all conditions. Molecular masses were determined by using the genetic algorithm analysis in Ultrascan II (34) (Figs. S6 and S7) .
to a stable dimer. Analytical ultracentrifugation revealed that the N-terminal cytoplasmic domain of atl could dimerize in the presence of GTPγS but not GDP (Fig. 5C and Fig. S6 ). Furthermore, GTP-dependent dimerization requires the middle domain because the isolated GTPase domain (residues 1-328) was monomer under all nucleotide conditions (Fig. 5D and Fig. S7 ).
Very recently, two reports detailing the X-ray structure of the N-terminal cytoplasmic domain of human Atl1 were published (31, 32) . These data provide important insights into both the biochemical properties and potential fusion mechanisms of atlastin. The large GTPase domain shares significant structural similarity to human GBP1 (33) , and the middle domain folds into an antiparallel three-helix bundle (3HB) that would connect the GTPase domain to the tandem transmembrane segments. The GTPase domain is connected to the 3HB by a flexible linker. Both groups identified two crystal forms of Atl1 (1-446) differing by the position of the 3HB relative to the GTPase domain. Crystal form 1 (32) would likely position the transmembrane domains in a "postfusion" conformation (31), whereas crystal form 2 probably represents a "prefusion" structure. All of the current structures contained bound GDP, although attempts were made to bind nonhydrolyzable GTP analogs such as GTPγS or GMPPNP.
Biochemical analysis of the Atl1 (1-446) N-terminal cytoplasmic domain showed that GTPase activity of the WT human protein was comparable to our Drosophila protein [5.33 μM P i / min per μM enzyme for Atl1 (1-446) vs. 4.4 μM P i /min per μm enzyme for atl(1-422)] and that GTP promoted dimerization measured by small-angle X-ray scattering (32) or analytical ultracentrifugation (31) . Additionally, both groups measured dimerization by gel filtration in the presence of GDP that yielded different outcomes. Bian et al. (31) identified atlastin dimers in the presence of GDP, whereas Byrnes and Sondermann (32) found only monomers with GDP. Small-angle X-ray scattering analysis also supported a monomer in the presence of GDP. This apparent discrepancy may be explained by different experimental conditions such as protein or nucleotide concentration. We detected only monomeric atl(1-422) with GDP ( Fig. 5D and Figs. S6 and S8) .
Membrane fusion by atlastin likely involves many steps. The schematic shown in Fig. 6 describes our working model for atlastin function. Atlastin almost entirely faces the cytoplasm with as few as 5 residues in an ER luminal loop. We suggest that the fusion cycle begins with nucleotide-free atlastin monomers (Fig. 6A) in opposing ER membranes. These monomer forms are cartooned as the prefusion (31) or crystal form 2 (32) structures. Then we suggest that nucleotide binding (Fig. 6B ) results in a permissive state for association between the GTPase domains (Fig. 6C) . The N-terminal cytoplasmic domain of atl, atl(1-422), forms a dimer when bound to nonhydrolyzable GTPγS but not with GDP ( Fig. 5C and Fig. S6 ). We assume that this association also occurs in the context of full-length atlastin. Although this interaction between the GTPase domains is presumably a required intermediate, its stability may be limited. We propose that the interaction between GTPase domains matures to a more stable dimer facilitated primarily by an interaction between the middle domain 3HB segments (Fig. 6D) . This conformational change is achieved, perhaps driven by nucleotide hydrolysis, by rotating the GTPase domain dimer 180°, which forces the 3HBs into close proximity. The new association between adjacent 3HBs liberates the C-terminal tail domain to perform its required role. We have localized this required function to a region of 27 aa immediately adjacent to the second transmembrane span (Fig. 1A) . The activity of this C-terminal domain may be accomplished by forming a new association with the dimeric 3HB or by direct interaction with lipid (Fig. 6D, shown in cyan) . We currently favor a direct interaction with lipid based on the amphipathic nature of this protein sequence (Fig. S2 ). An interaction between the membrane surface and the amphipathic C-terminal tail could destabilize the bilayer and provide the driving force for outer leaflet mixing, resulting in a hemifusion intermediate (Fig. 6E ) that resolves by inner leaflet mixing to full fusion (Fig. 6F) . The resulting cis dimer resembles the postfusion (31) or crystal form 1 (32) structure. Finally, we hypothesize that GDP release could then promote dissociation.
Although the precise location and timing of GTP hydrolysis during the cycle is speculative, some biochemical experiments can be used to place constraints on the model. We suggest that the large conformational change postulated to occur after docking ( Fig. 6 C and D) uses the energy provided by GTP hydrolysis. However, our oligomerization data suggest that GTPγS, but not GDP, results in the stable dimeric conformation cartooned in Fig. 6D when soluble fragments are examined, indicating that this intermediate may contain bound GTP. Functional analysis revealed that GTP hydrolysis is required to fuse proteoliposomes in vitro because GTPγS or GMPPNP do not support fusion (8) . These lipid-mixing results demonstrate that nucleotide hydrolysis is required before hemifusion (Fig. 6E) ; however, we cannot exclude the possibility that events downstream of GTP hydrolysis (for example, inorganic phosphate release) play an important role (31) . Ongoing efforts are directed at experimentally validating the key features of our model.
Materials and Methods
Recombinant Protein Purification. GST-tagged proteins were produced as previously described (8) with the exception that the truncation mutants lacking transmembrane domains were purified in the absence of detergent. atl(1-422) (pJM781) and atl(1-328) (pJM841) were expressed as GST-SUMO fusion proteins. The N-terminal GST-SUMO-tagged fusion proteins were bound to glutathione resin and purified in Tris buffer with 0.5% Triton X-100 by cleaving off the tag with SENP2 protease. (See SI Materials and Methods for SENP2 production.) The cleaved proteins were further purified by anion-exchange chromatography in Tris buffer [20 mM Tris (pH 7.5), 200 mM KCl, 5% glycerol, and 0.5 mM tris(2-carboxyethyl)phosphine (TCEP)]. Purified proteins were stored as aliquots at −80°C.
Atlastin Reconstitution and in Vitro Fusion Assays. WT atlastin, atl(1-450), atl (1-471), and atl(1-497) were reconstituted into preformed 100-nm liposomes as previously described (8) . In vitro fusion assays were performed by mixing labeled and unlabeled atl proteoliposomes (0.3 mM lipid each) in 96-well FluoroNunc PolySorp plates (Nunc) and measuring nitrobenzoxadiazole (NBD) fluorescence over time after the addition of 0.5 mM GTP and Mg
2+
. Inhibition studies with soluble domains of atl were performed by adding the soluble proteins to wells containing atl proteoliposomes before the addition of 1-2 mM GTP and Mg 2+ .
GTPase Assays. GTPase activities were measured as previously described (8) by measuring the release of inorganic phosphate from GTP as suggested in the EnzChek Phosphate Assay Kit (Molecular Probes).
Analytical Ultracentrifugation. atl(1-422) and atl(1-328) were sized by sedimentation velocity experiments carried out in a Beckman Optima XLA analytical ultracentrifuge with 3.5 μM protein and 20 μM nucleotide in cells assembled with 12-mm, two-channel aluminum centerpieces. Sedimentation was carried out at 50,000 or 55,000 rpm in an AN60 rotor at 20°C. The intensity at 235 nm versus radial position was measured over 4-5 h at 4-min intervals. All data analysis was done with Ultrascan II (34) .
Cell Culture, Transfection, and Immunocytochemistry. Expression plasmids for HA-tagged or Myc-tagged WT atlastin, atl(1-471), atl(1-497), and atl(1-422) were transfected into Cos7 cells and immunostained by using standard protocols. Cells cotransfected with WT atlastin and GFP or WT atlastin and atl(1-422) were scored for ER morphology and binned in three categories: fused ER, partially fused ER, normal ER. Seven independent transfection experiments were performed, and ∼100 cells were scored in each experiment.
The following antibodies were used: mouse anti-Myc (1:1,000; Sigma) and rabbit anti-HA (1:500; Santa Cruz Biotechnology). Secondary antibodies for immunofluorescence (Cy3 conjugates from Jackson Laboratories and Alexa Fluor 488 conjugates from Invitrogen) were used at 1:1,000. Confocal images were acquired with a Nikon C1 confocal microscope.
Detailed methods are available in SI Materials and Methods.
